Abstract. This paper presents the application of a simple procedure for estimating long-term average daily reference evapotranspiration (ET o 
Introduction
Estimates of long-term average daily evapotranspiration (ET) and reference evapotranspiration (ET o ) 1 have been made for numerous agricultural crops in Puerto Rico (Goyal, 1989a) . These data are essential for determining monthly irrigation volumes, sizing of pumps and water conveyance devices, and for determining irrigation system fixed and operating costs. Most of the estimates previously made were based on the Soil Conservation Service (SCS) BlaneyCriddle method (USDA-SCS, 1970 ) and the Hargreaves-Samani method (Hargreaves and Samani, 1985) . reported large differences between the SCS BlaneyCriddle method (estimates obtained from Goyal, 1989b ) and the Penman-Monteith method in a study that compared seasonal consumptive use for pumpkin and onion at two locations in Puerto Rico. The maximum observed differences were on the order of 100 mm per season. No comparisons have been made between the Hargreaves-Samani and Penman-Monteith methods at locations in Puerto Rico. Inaccurate predictions of ET for an irrigated crop can lead to inefficient use of water and energy, increased potential for surface and groundwater contamination, and reduced profits for the grower.
In 1990 a committee of the United Nations Food and Agriculture Organization (FAO) recommended the Penman-Monteith method as the single approach to be used for calculating reference evapotranspiration (ET o ). This recommendation was based on comprehensive studies, which compared twenty ET calculation methods with weighing lysimeter data (Jensen et al., 1990) . These studies found the Penman-Monteith method to produce superior results relative to all other methods (including the SCS Blaney-Criddle and Hargreaves-Samani methods). Therefore, it is imperative that improved estimates of long-term average daily reference evapotranspiration be made available for Puerto Rico at this time.
The objectives of this study were 1) to present a simplified procedure for estimating long-term average daily reference evapotranspiration for any location in Puerto Rico; and 2) to compare previous estimates of reference evapotranspiration using the Hargreaves-Samani method with the Penman-Monteith method. Harmsen and Torres Justiniano (2001) presented procedures for estimating climate parameters to be used in the Penman-Monteith method for Puerto Rico. Their methodology was based on methods presented in the literature, which were then calibrated for Puerto Rico conditions. The study compared estimates of reference evapotranspiration at four locations (San Juan, Aguadilla, Mayagüez and Ponce) using measured and estimated climate data as input to the Penman-Monteith method. Figure 1 shows the results of their comparison of ET o based on measured and estimated climate input data. Input to the Penman-Monteith method includes: maximum daily air temperature (T max ), minimum daily air temperature (T min ), dew point temperature (T dew ), wind speed, measured at 2 meters above the ground (U 2 ), and solar radiation (R s ). Although the methodology tended to overestimate slightly (Figure 1 ), for estimation purposes, it appears to provide reasonably good results. As noted by Harmsen and Torres Justiniano (2001) , from an irrigation design standpoint, the fact that ET o (based on all parameters being estimated) overestimates slightly is not a serious problem. The procedures presented by Harmsen and Torres Justiniano (2001) were used in this study for estimating Island-wide reference evapotranspirations. The procedures are summarized below. Minimum and Maximum Air Temperature Goyal et al. (1988) developed regression equations for minimum and maximum long-term average daily air temperatures for Puerto Rico based on surface elevation. 
Materials and Methods

Dew Point Temperature
The FAO (Allen et al., 1998) has reported that T dew can be estimated based on the use of the daily minimum air temperature. A correction factor, which is added to the minimum temperature, is recommended based on local conditions. Therefore, T dew can be estimated in Puerto Rico from the following equation:
where K corr is a temperature correction factor in degrees o C, listed in Table 2 , and the other variables have been previously defined. The correction factors (K corr ) are presented in Table 2 . Figure 2 shows the Climatic Divisions for Puerto Rico. Table 1 . Relationship among temperature (T) and elevation (Z) for Puerto Rico (Goyal et al., 1988 Wind Speed
For Puerto Rico, daily average wind speeds measured at 2 meters above the ground surface (U 2 ) were estimated based on averaging station data within the Climatic Divisions established by NOAA, and are presented in Table 3 . 
Radiation
The FAO recommends that solar radiation be estimated using the following equation for islands:
where R s is solar radiation, b is an empirical constant, equal to 4 MJ m -2 day -1 and R a is the incoming extraterrestrial radiation. Equation 3 is limited to elevations less than 100 m above sea level. Therefore, for higher elevations, in the interior areas of Puerto Rico where the ocean does not moderate air temperatures as much as along the low altitude coastal areas, the Hargreaves' radiation formula can be used:
where k Rs is an adjustment factor equal to 0.19, and the other variables have been previously defined.
Example Application
To illustrate the use of the climate estimation procedures for calculating long-term average daily reference evapotranspiration, an example is presented. The following conditions apply, location: Dos Bocas, Arecibo County, PR; elevation: 60 m; latitude: 18 o 20'. The estimated climate data and reference evapotranspiration for January through December are given in Table  5 . Minimum and maximum temperatures were calculated with data from Definitions: maximum daily air temperature (Tmax), minimum daily air temperature (Tmin), dew point temperature (Tdew), wind speed, measured at 2 meters above the ground (U2), extraterrestrial radiation (Ra) solar radiation (Rs) and long-term daily average reference evapotranspiration (ETo).
Reference evapotranspiration was calculated using the Penman Monteith method as described in Allen et al. (1998) . The calculation procedure was implemented via an Excel spreadsheet. Alternatively, the reference evapotranspiration could have been calculated using the computer program CROPWAT (Clark, 1998) . This program is available free of charge on the Internet. Currently, a computer program is being developed by the Senior Author, which will perform the above procedure directly on the World Wide Web. This will increase accessibility to the public and greatly reduce the number of calculations required by the user. Goyal et al. (1988) estimated reference evapotranspiration at thirty-four locations in Puerto Rico using the Samani-Hargreaves method. In this section estimates will be presented based on the Penman-Monteith method and a comparison of the two approaches will be discussed. The locations where estimates were made are shown in Figure 3 . Table 6 for estimated values). Tables 2 and 3 . For locations with elevations less than or equal to 100 m and greater than 100 m, R s was calculated using equations 3 and 4, respectively. Figure 4 shows the results of the comparison. Figure 4 indicates positive and negative differences. The maximum positive difference (i.e., H-S minus P-M) was 0.92 mm/day during the month of November at the Juncos 1E station. On a monthly basis, this is equal to 27.5 mm or 1.1 inches of water. The minimum difference (i.e., negative difference) was -0.75 mm/day during the month of June at Aguirre. On a monthly basis this is -22.5 mm or -0.88 inches of water. Figure 4 indicates, that while there is agreement between the two methods during many months at many locations, there were also many estimates, which were not in agreement. One could reasonable ask the question: "Which method is more correct?" FAO recommends using the Penman-Monteith method over all other methods even when local data is missing. Studies have shown that using estimation procedures for missing data with the Penman-Monteith equation will generally provide more accurate estimates of ET o than will other available methods requiring less input data (Allen et al., 1998) . Figure 5 shows a plot of the differences between ET o calculated by the two methods (H-S minus P-M) by month, for the Juncos 1E and Aguirre stations. Maximum positive and negative differences were observed at these sites, respectively. If the Penman-Monteith method is taken as the standard ("correct") ET o , then it can be stated that the Hargreaves-Samani method overestimated ET o at Juncos 1E and underestimated ET o at Aguirre. Juncos 1E is in Climate Division 5, which is humid, while Aguirre, in Climate Division 2, is semi-arid. The maximum underestimate of -0.75 mm/day at Aguirre (semi-arid) is equal to a 13% error, and the maximum overestimate of 0.92 mm/day at Juncos 1E (humid) is equal to a 28% error. These results are consistent with the findings of the ASCE study (Jensen et al., 1990) , which found the Hargreaves-Samani method to underestimate on average by 9% in arid regions and overestimate on average by 25% in humid regions. It should be noted that Goyal et al. (1988) used estimated monthly values of R a based on a single latitude equal to 18 degrees, which may account for some of the differences. In this study, actual site latitudes were used to obtain R a . 
Comparison of Estimated Reference Evapotranspiration at Thirty-Four Locations in Puerto Rico
Method Limitations
The approach presented in this paper should be considered only approximate for estimating long-term average daily reference evapotranspiration. Some potential limitations are:
• The data presented in Tables 1, 2 and 3 are only valid for Puerto Rico.
• The approach has not been validated using measured T dew data from Climatic Divisions 3, 5 and 6, nor has Equation 4 been verified to be accurate for areas within Puerto Rico where elevations exceed 100 m. (see Harmsen and Torres Justiniano, 2001 ).
• The data in Tables 1, 2 and 4 are based on monthly averages of daily data. Therefore, it should be understood that the method presented in this paper, provides a monthly average of the daily value for reference evapotranspiration.
Conclusion
This study presented a simple method for estimating long-term average daily reference evapotranspiration in Puerto Rico. The only data needed to use the method is the site latitude and surface elevation. With these two parameters, it is possible to estimate all other input to the Penman-Monteith method. Comparisons of long-term average daily reference evapotranspiration calculated using the Penman-Monteith method were compared with estimates made using the Hargreaves Samani method for thirty-four locations in Puerto Rico. Maximum and minimum differences between the two methods (H-S minus P-M) were 0.92 and -0.75 mm/day, respectively.
